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METHODS AND SYSTEMIS FOR DIRECTING 
MOVEMENT OF A TOOL IN HAIR 
TRANSPLANTATION PROCEDURES 

RELATED APPLICATIONS 

This application claims priority under 35 U.S.C. 119(e) to 
U.S. Provisional Application No. 61/425,571 filed Dec. 21, 
2010, entitled “Methods and Systems for Directing Move 
ment of a Tool in Hair Transplantation Procedures”. 

FIELD OF THE INVENTION 

The present application relates generally to hair transplan 
tation procedures and more particularly to methods and sys 
tems used for operating a tool to harvest or implant follicular 
units from or into a body Surface using imaging and process 
ing techniques. 

BACKGROUND OF THE INVENTION 

During medical operative procedures on a patient, particu 
larly if the procedure is of a significant duration of time, it is 
inevitable that patient movement and/or interruptions may 
occur. These interruptions may be mechanical, electrical, 
hardware, Software, or medical in nature, or caused by some 
other means. For example, it may be desirable or simply 
unavoidable that the patient alters his/her position during the 
procedure, or that the patient and/or physician temporarily 
leave the place in which the operation is being carried out 
before returning. This is relevant to various medical, includ 
ing cosmetic, procedures, and particularly relevant, for 
example, for the case of a patient undergoing a hair transplan 
tation procedure, having follicular units harvested from a 
donor area (e.g., on the patient's scalp) for transplantation, or 
having follicular units implanted into a recipient area (e.g., a 
bald area on the patient's scalp). These procedures typically 
take several or more hours to perform. In some instances, the 
patient may remain in the operation chair but need to alter 
their position due to discomfort and/or fatigue, or simply 
moves due to breathing or other natural movements. In other 
instances the patient may need to interrupt the procedure to 
temporarily leave the chair. 

SUMMARY OF THE INVENTION 

In accordance with one general aspect, the present appli 
cation discloses systems and methods for directing move 
ment and operation of a tool in medical procedures which are 
at least partially automated. In some embodiments, a method 
of operating a tool to perform a medical procedure is pro 
vided. The method may comprise recording first locations of 
a plurality of fiducials appearing in one or more images; 
updating and recording the updated locations of at least some 
of the plurality of the fiducials in an updated one or more 
images; determining an offset of the updated locations of the 
at least some of the plurality of the fiducials relative to their 
first locations; selecting a site on which to perform the medi 
cal procedure based at least in part on the determined offset. 
The method may further comprise instructing the tool to 
perform the medical procedure at the selected medical pro 
cedure site; and may also comprise recording a location of the 
performed medical procedure. 

In some embodiments the method may further comprise 
determining a boundary of an area on a body Surface where a 
procedure is performed, for example, an area from which 
follicular units are to be harvested, or into which follicular 
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2 
units are to be implanted, and instructing a tool to performan 
operation, such as in the example of hair transplantation to 
harvest from a selected harvesting site or implant into a 
selected implant site, for example, within or outside the deter 
mined boundary. The boundary may be determined based on 
a reference, for example, a plurality of fiducials, which may 
comprise a set of distinctive fiducials. In some embodiments, 
with reference to hair transplantation, the selection of folli 
cular unit harvesting or implanting sites may take into 
account limitations of the tool. In those embodiments where 
the boundary of the area is determined, such boundary may be 
adjusted to eliminate portions, for example, where a tool used 
in the procedure has limited or insufficient access for proper 
operation, or to take into account one or more parameters of 
a skin tensioning device, if such device is used, and/or the 
tool. In the example of the hair transplantation, the tool may 
be operated to harvest or implant follicular units by substan 
tially automatically changing a direction of travel of the tool 
based on the locations of the reference points or fiducials. 
Harvesting and implant sites may be selected based on one or 
more criteria, one of which may be to minimize interference 
from fluids on the body surface. Another such criteria may be 
selecting locations which do not comprise locations of previ 
ously harvested or implanted follicular units. 
One embodiment of the method may comprise recording 

first locations of a plurality of fiducials, and updating and 
recording updated locations of at least one or more of the 
plurality of fiducials, for example, to account for movement, 
whether that be due to interruptions or merely patient move 
ment. The method may further comprise determining an off 
set of the updated locations of at least some of the plurality of 
fiducials relative to the first locations and selecting a proce 
dure site, such as a follicular unit harvesting or implanting 
site, based at least in part on the determined offset. In some 
embodiments, the locations from where follicular units are 
harvested or into which follicular units are implanted are 
recorded, and a visual representation of the harvested or 
implanted follicular unit may be created. 

According to another aspect, a system is provided that may 
include a processor comprising a set of instructions for 
executing operations for selecting from where follicular units 
are to be harvested (or where follicular units are to be 
implanted) based on first locations of the plurality offiducials 
appearing in one or more images of the body Surface; and 
updating and recording updated locations of at least one or 
more of the plurality of fiducials. The instructions may further 
provide for a boundary of an area on a body surface to be 
determined, the area from which follicular units can be har 
Vested from or implanted into. The instructions may also 
provide for determining an offset of the updated locations 
from the first locations and selecting a follicular unit harvest 
ing or implanting site based at least in part on the determined 
offset. The instructions may further comprise instructing a 
tool to harvest from a selected harvesting site or implant into 
a selected implant site, optionally, outside or within the deter 
mined boundary. The system may comprise an image acqui 
sition device to provide image data containing one or more 
images of the body Surface with fiducials thereon and an 
interface adapted to receive an image data containing images 
of a body Surface. The system may further comprise a pro 
cessor configured to create a virtual representation of any 
harvested or implanted follicular units, and a monitor config 
ured to display the same. 
The system and method of the present invention is espe 

cially useful when implemented on, or integrated with, an 
automated system, for example, a robotic system comprising 
a robotic arm. 
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According to another aspect, a system and a method for 
controlling a direction of travel of a tool relative to a body 
surface is provided, in which the tool is caused to travel in an 
identified direction and operated to perform an action or 
procedure, for example, to harvest or implant follicular units 
in the direction of travel. The direction of travel or, in some 
embodiments also a boundary, may be determined, for 
example, based on a plurality of fiducials, which may com 
prise a set of distinctive fiducials. In some embodiments, the 
tool is operated to travel in a direction other than the direction 
of travel when another fiducial is within a predetermined 
distance from the tool. The direction other than the direction 
of travel may be substantially opposite the direction of travel 
or may be substantially orthogonal to the direction of travel. 
A change of direction of travel may be substantially auto 
mated based, for example, at least in part on the location of the 
fiducials. 

According to further aspect, a processor is provided com 
prising a set of instructions for executing operations, the set of 
instructions including instructions for processing one or more 
images of a body Surface to determine locations of a plurality 
of distinctive references appearing in the one or more images; 
operating a tool to perform a procedure or operation, for 
example, to harvest or implant a first follicular unit, at a first 
location; identifying a direction of travel of the tool relative to 
a body Surface based on the first location and on the locations 
of at least one of the plurality of the distinctive references: 
causing the tool to travel in the identified direction of travel; 
and operating the tool to perform an action or operation, for 
example, to harvest or implant a second follicular unit, at a 
second location on the body surface in the direction of travel. 
The instructions may further comprise utilizing at least one of 
the plurality of distinctive references to define a boundary, 
and operating the tool to perform the procedure or operation 
within the boundary. 

According to yet another aspect, a method for defining a 
region of operation of a tool during a procedure or operation, 
for example hair transplantation, is provided. The method 
may comprise selecting a fiducial in an image of the body 
Surface and moving, for example, an image acquisition device 
such that the fiducial is substantially at a reference point in the 
field of view of the camera. A location of the fiducial is 
determined in a frame of reference of the body surface. A 
Subsequent fiducial may be selected, the Subsequent fiducial 
being a closest to the fiducial for which the location has been 
identified. The method further comprises moving the image 
acquisition device Such that the Subsequent fiducial is Sub 
stantially at the reference point in the field of view of the 
camera and determining a location of the Subsequent fiducial 
with respect to the initial fiducial. The steps of selecting the 
Subsequent fiducial and determining the location of the Sub 
sequent fiducial may be substantially automatically repeated 
for a set of fiducials that define a boundary of an area for 
performing a procedure or operation, for example for harvest 
ing or implanting follicular unit. 

According to a further aspect, a system and method for 
defining an exclusion region or Zone is provided and infor 
mation about the exclusion region is used in determining the 
next procedure or operation location, for example, for deter 
mining the next harvesting or implantation location. The 
exclusion region is the region within which is not desirable to 
perform a procedure or operation, for example, the region 
from which harvesting follicular units or into which implan 
tation of the follicular units is not desirable. In some embodi 
ments, the exclusion Zone may be defined as a closed poly 
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4 
gon, for example, a polygon of Substantially tear-drop shape 
on a Surface of the body, or for example a donor area, Such as 
Scalp. 

Other and further objects and advantages of the invention 
will become apparent from the following detailed description 
when read in view of the accompanying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

It should be noted that the drawings are not to Scale and are 
intended only as an aid in conjunction with the explanations 
in the following detailed description. In the drawings, iden 
tical reference numbers identify similar elements or acts. The 
sizes and relative positions of elements in the drawings are not 
necessarily drawn to Scale. For example, the shapes of various 
elements and angles are not drawn to Scale, and some of these 
elements are arbitrarily enlarged and positioned to improve 
drawing legibility. Further, the particular shapes of the ele 
ments as drawn, are not intended to convey any information 
regarding the actual shape of the particular elements, and 
have been solely selected for ease of recognition in the draw 
ings. Features and advantages of the present invention will 
become appreciated as the same become better understood 
with reference to the specification, claims, and appended 
drawings wherein: 

FIG. 1 is a block diagram illustrating a general methodol 
ogy of an example of an embodiment according to one aspect 
of the invention. 

FIG. 2 is a schematic representation of an example of a 
robotic system that could be implemented in various embodi 
ments of the invention. 

FIG.3 is an example of a skin tensioner including fiducials 
which could be utilized in various embodiments of the inven 
tion. 

FIGS. 4(a)-(f) show various examples of implementations 
of the methodology according to an embodiment of the inven 
tion. 

FIGS. 4(g)-(h) demonstrate an example of an embodiment 
according to “an exclusion Zone' methodology. 

FIGS. 5(a)-(g) show an example of identifying and record 
ing fiducials as could be implemented in an example of the 
embodiment of the invention. 

FIGS. 6(a)-(f) show another example of implementation of 
the methodology according to an embodiment of the inven 
tion. 

FIGS. 7(a)-(f) illustrate examples of various selection cri 
teria according to various embodiments of the invention. 

FIGS. 8(a)-(f) are schematic representations illustrating an 
example of the use of satellite sites in the provision of exclu 
sion Zones. 

FIGS. 9(a) and (b) illustrate the difference between using 
and not using the satellite exclusion Zone methodology. 

FIG. 10 is an example of a schematic representation of a 
reserved harvesting region. 

FIG. 11 is a schematic representation of an example of a 
grid that may be displayed on a monitor. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In the following Detailed Description, reference is made to 
the accompanying drawings that show by way of illustration 
Some examples of embodiments in which the invention may 
be practiced. In this regard, directional terminology, Such as 
“right”, “left”, “upwards”, “downwards”, “vertical”, “hori 
Zontal' etc., are used with reference to the orientation of the 
Figure(s) being described. Because components or embodi 
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ments of the present invention can be positioned or operated 
in a number of different orientations, the directional termi 
nology is used for purposes of illustration and is in no way 
limiting. It is to be understood that other embodiments may be 
utilized and structural or logical changes may be made with 
out departing from the scope of the present invention. The 
following description, therefore, is not to be taken in a limit 
ing sense, and the scope of the present invention is defined by 
the appended claims. 

The term “tool”, as used herein refers to any number of 
tools or end effectors that are capable of performing an action, 
procedure or operation in various medical procedures or 
applications. For example, the tool may be a needle, a Surgical 
Scalpel, blades, various types of forceps, hemostats, Surgical 
instruments, retractors, electroSurgical tools, radio-frequency 
ablation tools, Suturing devices, tattoo placement or removal 
tools, eye speculum, cannula, drills or lasers. With reference 
to hair transplantation procedures, a “tool” may comprise a 
“harvesting tool” or an “implantation tool, and is capable of 
dissecting, harvesting or implanting follicular units (“FUs) 
from or into a skin or body Surface, for example, a scalp. Such 
tools may have many different forms and configurations. In 
many embodiments, the tool comprises a hollow tubular shaft 
and thus may be labeled, for example, a cannula, a needle, or 
a punch. The distal end of Such tools (for example, punches, 
coring devices, cutting and/or trimming devices, needles), are 
typically sharpened, to various degrees, to penetrate tissue 
and extract or implant the follicular unit. The terms “opera 
tively connected.” “coupled, or “mounted, or “attached as 
used herein, means directly or indirectly coupled, attached, or 
mounted through one or more intervening components. 

Embodiments of the methods of the present invention may 
be implemented using computer Software, firmware or hard 
ware. Various programming languages and operating systems 
may be used to implement the present invention. 

Hair transplantation procedures that are carried out using 
automated (including robotic) systems or computer-con 
trolled systems have been described, for example, in the Pub 
lication No. US 2007/0106306 commonly owned by the 
assignee of the present application, which is incorporated 
herein by reference. Robotics systems, such as robotic hair 
transplantation systems generally require accurate position 
ing of a tool under robotic control. When implementing a 
semi-automated or a fully automated procedure that requires 
precise control of the position, such as hair transplantation, it 
is desirable to be able to maintain such precise control despite 
patient motion or temporary interruptions. According to one 
aspect disclosed herein, the present application provides 
methodology for negating the effects of patient's movement 
or procedure interruptions. For example, the described meth 
odology avoids further delays related to repositioning of a 
patient relative to a robot or an automated tool, and/or need 
for potential recalibration or a new treatment plan to be con 
figured. 

According to the various embodiments described herein, a 
variety of methodologies and systems are provided which 
enable a tool to automatically proceed from where it left off 
prior to an interruption that the procedure may be subject to, 
continuing its operation and essentially providing a seamless 
operational procedure. The systems and methods described 
herein enable the tool to maintain its direction of travel over 
the patient’s body surface that it had despite patient’s move 
ment or other interruptions, to recognize where it has previ 
ously harvested follicular units or implanted them, and con 
tinue to travel in that general direction to harvest or implant 
further follicular units. The inventions described herein 
enable the system to operate in a fully-automated fashion, if 
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6 
desired, without requiring relocation of the base of the robotic 
system, relocation of the body Surface, physician assistance 
or human intervention. In addition, the present invention pro 
vides methodologies that enable a tool operated by an auto 
mated system or under computer control to be operated to 
change its direction of travel when required, without neces 
sarily requiring human intervention, although a user could 
overwrite any automated movement if desired. 

Although the various examples and embodiments 
described herein will use follicular units (naturally occurring 
aggregates of 1 to 4 hair follicles) or hair grafts for purposes 
of describing the various aspect of the invention, it should be 
apparent that the general understanding of the various con 
cepts discussed can be applied more broadly to other appro 
priate applications. It should be understood that although the 
methods described herein are especially suited for use with a 
robotic system for hair harvesting and/or implanting, they can 
be applied to other automated and/or computer-implemented 
applications. For example, devices, systems and methods 
described herein may be utilized in various ablation proce 
dures (e.g. radiation-based), biopsy procedures, spinal proce 
dures, dermatological procedures (e.g., tattooing or tattoo 
removals, ophthalmic procedures, or treating various derma 
tological conditions. Such as skin cancers). It should be noted 
that the examples given herein are for the purposes of illus 
tration and example only, the description as set forth is not 
intended to be exhaustive or limiting. 

FIG. 1 is a block diagram illustrating an example of a 
general methodology employed by the present invention. At 
step 110 (which may be a preliminary step and it is shown in 
dotted line), one or more images of the body Surface with one 
or more reference points, such as a plurality offiducials, may 
be obtained, for example, using an image acquisition device. 
That may be accomplished by any technique known in the art. 
For example, in some embodiments an image acquisition 
device may be attached to a robotic arm, and the robotic arm 
with the attached image acquisition device may be positioned 
so that the harvesting or implantation region is in focus for the 
cameras. In other embodiments, the image acquisition device 
may be still incorporated into the automated (e.g., robotic) 
system but it does not have to be attached to the robotic arm. 
Alternatively, in further embodiments, the image acquisition 
device could be a device separate from the robotic system. As 
used in this application, a fiducial is an object that may act as 
a reference, and may be identifiable in a field of view of an 
imaging device. Fiducials can take many forms, for example, 
a single artificial reference point that uniquely identifies both 
position and orientation may be used as a fiducial. Take for 
example, a set of coordinate axes printed on a surface. The 
origin, together with the directions of the X and Y axes, can 
uniquely identify the Surface position and orientation. In 
another example, a set of artificial reference points that each 
uniquely specify a position can be used as fiducials. The 
combination of three or more such reference points can 
specify a unique frame of reference specifying both position 
and orientation. An example would be spheres with different 
colors. One sphere uniquely specifies a position in space, but 
notorientation. Two more spheres can be used to specify both 
position and orientation. In yet another example, natural fea 
tures of a surface that have unique, recognizable patterns may 
be used as fiducials. 

With reference to hair harvesting or hair transplantation or 
other procedures that could be performed on a body surface 
(including various layers of skin, face and its various parts, 
Such as eyes, nose, eyebrows, etc.), natural physical features 
or anatomical landmarks present on the skin or other body 
Surface that have unique, recognizable patterns (e.g., follicu 
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lar units or hairs, moles, Scars, freckles, wrinkles, bumps or 
depressions on the body Surface, eyeballs, ear canals) may be 
used as fiducials. In the case of natural physical features or 
anatomical landmarks, these may be distinctive from one 
another based on their distinctive physical attributes (includ 
ing but not limited to size, color, shape, number, height from 
the body surface etc.) or their relative distance from another 
distinctive feature. For example, working on the Surface of a 
head, the random dot pattern of the entry locations of hairs on 
the Surface of the head is sufficiently unique that a group of 
them can be used to unambiguously identify position and/or 
orientation. A pattern-matching algorithm can be used to 
recognize the hair pattern in Subsequent images. In some 
embodiments, the fiducials may also be objects placed on or 
affixed to the patient’s skin, sometimes called external fidu 
cials. In the embodiments where external fiducials are used, 
they may be placed or affixed either directly to the skin 
Surface in the hair donor or hair recipient area, or alternatively 
they may be placed on Some device or instrument which is in 
turn affixed to the body, for example, a skin tensioner used in 
the hair transplantation procedures, as explained in more 
details in reference to the examples of FIGS. 3 and 4. 

At step 115, a processor oran image processor, an example 
of which is described later in reference to FIG. 2, processes 
and records an identity and a location of each of the fiducials 
in a frame of reference of an image acquisition device (e.g., in 
a camera field of view). Such initial recording of fiducials 
could be referred to as “fiducial registration.” The fiducials 
could be recorded in various coordinate systems, for example, 
in a fixed “world' coordinate system. In the example of FIGS. 
4(a)-4(f), the fiducials are described as recorded in a coordi 
nate system fixed to the camera. In situations in which an 
image acquired by the image acquisition device includes only 
a subset of the fiducials such that images of additional fidu 
cials are needed, step 120 provides for acquiring additional 
images as needed, for example, including other Subsets of the 
fiducials, until all fiducials have been identified. (This aspect 
will be described in greater detail with respect to FIG. 5). In 
an optional step 125 (shown in dotted line), based on the 
location of the each of the plurality offiducials, a boundary of 
an area, such an area within which hair grafts or follicular 
units are intended to be harvested from or implanted into, may 
be determined. The boundaries may be determined automati 
cally, for example, by drawing lines between various fidu 
cials. The boundaries may be also adjusted to eliminate cer 
tain portions of the bound area where harvesting or 
implantation is difficult, as explained and described in further 
detail in reference to FIG. 3. In order to accommodate for 
patient motion, temporary interruptions, and any other inci 
dent that may cause a shift in location of the fiducials in the 
camera reference frame, as often as required (as may be 
determined by the user), updated images of the body Surface 
are acquired, the images containing an image of the plurality 
of fiducials or a subset thereof. Due to patient motion, or 
another such temporary interruption, the locations of the fidu 
cials in these updated images may be in a revised location 
with respect to the frame of reference of the image acquisition 
device. The processor in step 130 processes the revised loca 
tion of each of the plurality of fiducials in the frame of refer 
ence of the image acquisition device, the revised locations of 
each of the plurality of fiducials which may be different from 
the locations previously processed. Having acquired the 
revised locations of the fiducials, and with the knowledge of 
the original locations of the fiducials, an offset for at least 
some or all of the fiducial locations may be determined in step 
130. Based on this offset information, the processor also in 
step 130 may process revised locations for each of the loca 
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tions of interest, such as locations from which follicular units 
have already been harvested (if harvesting has already started 
in a region of interest within the boundary) or into which 
follicular units have already been implanted (if such implant 
ing has been started). Optionally, step 130 may also comprise 
determining the revised boundary, for example, of the har 
vesting/implanting area based on the revised locations of the 
fiducials. However, it is not necessary in Some embodiments 
to determine the whole revised boundary as this information 
may be automatically ascertained simply based on the offset 
of the minimum number of the fiducials. In reference to the 
example of hair transplantation, having determined the off 
sets, and with the knowledge of the locations of the follicular 
units that have been harvested or implanted (if any) with 
respect of the fiducials, it is possible in step 135 to determine 
or select a location from where the next hair follicle is to be 
harvested such that hair follicles are not taken from an already 
harvested location, or determine a location into which the 
next hair follicle is to be implanted such that hair follicles are 
not implanted into locations into which hair follicles have 
already been implanted. Such selection may be made using a 
processor programmed to perform the above-described step, 
such as a processor described in reference to FIG. 2. In step 
140, hair graft or follicular unit is harvested from or 
implanted into the selected location. When the next hair fol 
licle is harvested or implanted, the location from where it has 
been harvested from, or implanted into, may be registered or 
recorded by the processor in step 145. This registration may 
include information on the location of the harvest or implant 
with respect to at least one of the plurality of fiducials, or the 
determined boundary. Optionally, in step 150, the method 
may comprise creating and displaying a virtual representation 
on the image of the location from which the follicular unit has 
been harvested (or at least dissected from the surrounding 
tissue for further removal using forceps or vacuum), or the 
location into which a follicular unit has been implanted. Such 
visual representation, for example, on a monitor (e.g. a com 
puter screen) is especially beneficial for the user to easily and 
quickly identify locations where hair grafts have been dis 
sected or harvested, and also to differentiate between the 
previously existing follicular units and the newly implanted 
ones. The visual representations of step 150 may be imple 
mented by using different colors, shapes or other appropriate 
differentiating features. In step 155 the processor determines, 
based on the information is has recorded with respect to the 
area and the locations of the follicular units that have been 
harvested or implanted, if follicular units have been harvested 
from all desired sites, or if follicular units have been 
implanted into all desired sites. In the event that all follicular 
units have been harvested or implanted, the processor may 
communicate this information, for example, to the image 
acquisition device. In addition, the processor may communi 
cate this information to the user, typically providing an indi 
cation to the user (via the monitor, Voice command, or any 
other appropriate technique), for example, that step 110 may 
begin again at a new donor or recipient region. In the event 
there are still follicular units to harvest or implant, the pro 
cessor continues to repeat steps 130-155 until all desired 
follicular unit are harvested or implanted. For example, 
updated images with the updated fiducial information are 
processes, offsets determined, the next harvest site or implant 
site is selected, etc. In this manner, a methodology is provided 
to enable hair follicles to continue to be harvested from or 
implanted into a body Surface in a continuous and automatic 
fashion despite potential patient movements and interrup 
tions. The tool is able to be moved to each new harvesting or 
implantation location with respect to fiducials, the fiducials 
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providing a mechanism of recognizing the location of the 
harvesting/implanting area on the body Surface, despite 
movement of the patient, or the image acquisition device. 

Referring first to FIG. 2, an example of a system that may 
be used with the present invention is schematically shown. 
FIG. 2 is a schematic perspective view of an example of a 
robotic system 200 for hair harvesting (and/or implantation). 
The system 200 includes a robotic arm 205 to which is 
coupled a tool 210. Various motors and other movement 
devices may be incorporated to enable fine movements of an 
operating tip of the tool 210 in multiple directions. The 
robotic system 200 further includes at least one image acqui 
sition device 215, which is described in more detail below. 
The image acquisition device may be mounted in a fixed 
position, or it may be coupled (directly or indirectly) to a 
robotic arm 205 or other controllable motion device. The 
operating tip of the tool 210 is shown positioned over a body 
Surface 220, in this case a part of the patient scalp having hair 
follicles thereon. In some embodiments, an image acquisition 
device may be provided separately and not included in the 
system. In those embodiments, an interface may be provided 
that allows various other components or modules of the sys 
tem, such as image processing component, to interact with the 
separate image acquisition device. 
A processor 225 of FIG. 2, may comprise an image pro 

cessor 230 for processing images obtained from the image 
acquisition device 215. The image processor 230 may be a 
separate device or it may be incorporated as a part of the 
processor 225. The processor 225 may also instruct the vari 
ous movement devices of the robotic arm 205, including the 
tool 210 that may be operatively connected to the robotic arm. 
The processor 225 may act, for example, through a controller 
235 as schematically shown in FIG.2. The controller 235 may 
be operatively coupled to the robotic arm and configured to 
control the motion of the robotic arm, including the motion 
based on the images or data acquired by the image acquisition 
device. Alternatively, controller 235 may be incorporated as a 
part of the processor 225, so that all processing and controls 
ofall movements of all the tools, the robotic arm and any other 
moveable parts of the assembly, including those based on the 
images or data acquired by the image acquisition device, are 
concentrated in one place. The system 200 may further com 
prise a monitor 240, keyboard 245, and mouse 250. A mag 
nified image of the body surface 220 can be seen on the 
monitor 240. In addition, the system 200 may comprise other 
tools, devices and components, for example, those useful in 
harvesting, and/or implantation of the hair follicles, or in hair 
treatment planning. The system further comprises an inter 
face adapted to receive an image data, various parts of the 
system allow an operator to monitor conditions and provide 
instructions, as needed. The processor 225 may interact with 
the imaging device 215 via the interface (not shown). The 
interface may include hardware ports, cables, leads, and other 
data transmission means, or it may comprise a computer 
program. 
Some non-limiting examples of an image acquisition 

device 215 shown in FIG. 2 include one or more cameras, 
Such as any commercially available cameras. Of course, vari 
ous image capture devices (or imaging devices) could be used 
with any of the embodiments of the systems and methods 
described herein. For example, the imaging device may be 
one or more cameras, such as any commercially available 
cameras. While stereo or multi-view imaging devices are very 
useful in the present invention, it is not necessary to employ 
Such geometries or configurations, and the present invention 
is not so limited. Likewise, although it is preferred that the 
image acquisition device be a digital device, it is not neces 
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sary. For example, the image acquisition device could be an 
analog TV camera that acquires an initial image which is then 
processed into a digital image (for example, via an analog 
to-digital device like a commercial-off-the-shelf frame grab 
ber) for further use in the method of the present invention. The 
image acquisition device may be coupled to a processing 
system, shown incorporated in the processor 225 in FIG. 2, to 
control the imaging operation and process image data. The 
processor for use in the present invention may comprise any 
Suitable device programmed and configured to perform vari 
ous methods described in detail in the present application, 
including methods directed to automated movement of the 
hair harvesting/implantation tool to maintain or change a 
desired direction of travel within a hair donor or hair recipient 
area; or methods directed in reference to FIGS. 4-7. For 
example, the processor for use in the present invention may be 
a processor comprising a set of instructions for executing 
operations, the set of instructions including instructions for 
processing one or more images of a body Surface to determine 
locations of a plurality of distinctive fiducials appearing in the 
one or more images, (in some embodiments, the plurality of 
the distinctive fiducials may define a boundary); operating a 
tool to harvest or implant a first follicular unit at a first loca 
tion; identifying a direction of travel of the tool relative to a 
body surface based on the first location and on the locations of 
at least one of the plurality of the distinctive fiducials; causing 
the tool to travel in the identified direction of travel; and 
operating the tool to harvest or implant a second follicular 
unit at a second location on the body Surface in the direction 
of travel. It will be understood by those of ordinary skill in the 
art that the image processor for use with the present invention 
is programmed and configured to perform various known 
image processing techniques, for example, segmentation, 
edge detection, object recognition and selection. These tech 
niques are generally known and do not need to be separately 
described here. 
By way of example, and not limitation, a suitable processor 

or image processor may be a digital processing system which 
includes one or more processors or other type of device. For 
example, a processor (image processor) may be a controller 
or any type of personal computer (“PC”). Alternatively, the 
processor (image processor) may comprise an Application 
Specific Integrated Circuit (ASIC) or Field Programmable 
Gate Array (FPGA). The processor may also include memory, 
storage devices, and other components generally known in 
the art and, therefore, they do not need to be described in 
detail here. The above-described processor could be used in 
conjunction with various partially automated and fully auto 
mated (including robotic) hair transplantation and treatment 
systems and devices, including but not limited to systems for 
hair harvesting, or hair transplantation. 

In order to better understand how the method of FIG. 1 can 
be implemented utilizing a system Such as that illustrated in 
FIG. 2, an example of arrangement of external fiducials is 
described in reference to FIG. 3. While performing hair har 
vesting, especially when using an automated system, such as 
a robotic system, it is often desirable to stretch the skin around 
the area of location of the follicular unit to be harvested. This 
could be done using a skin tensioner device. FIG.3 illustrates 
an example in which a set of unique or distinctive (meaning 
that they are distinguishable or different from each other) 
fiducials are either formed on or affixed to a frame of a skin 
tensioner 300 that could be used in the hair transplant proce 
dure to tension a skin surface from which hair follicles are 
harvested. Such skin tensioner could also be used in some 
embodiments during hair implantation if tensioning the skin 
surface is desired, in other embodiments fiducials could be 
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placed directly on the skin Surface during hair graft implan 
tation. Moreover, in Some embodiments natural features (e.g., 
moles, scars, etc.) could be used as fiducials. While the fol 
lowing discussion of the fiducials and their use will be 
described in reference to FIG.3 and the skin tensioner, people 
of ordinary skill in the art would understand that this descrip 
tion may be adjusted and it is intended that the same prin 
ciples should be applied to the fiducials placed, for example, 
directly on the skin or on the device other than the skin 
tensioner, as well as to the natural fiducials previously iden 
tified (e.g., follicular units or other physical landmarks). 
Therefore, such alternative implementations are within the 
scope of the invention. The skin tensioner 300 may comprise 
a flexible frame 305 that lies generally in a plane and shown 
to comprise a single element, typically molded material and is 
configured Such that it may be compressed inward from a 
relaxed position. The flexible frame 305, in the example illus 
trated; includes four side sections 310. The four side sections 
310 are shown linear and arranged substantially in a square, 
although they may be arcuate and otherwise arranged in vari 
ous geometrical patterns. Each side section 310 features a 
plurality of perforations 315 for receiving barbs or 
microbarbs (not shown), which are small elements that 
project from skin tensioner to the skin below to puncture or 
form a depression in the skin Surface, serving as a primary 
means of ensuring good grip between the skin tensioner and 
the skin. The illustrated fiducials 320 may comprise, for 
example, a set of circular fiducials 325, each circular fiducial 
325 being distinguishable from any other circular fiducial, 
and a set of square fiducials 330, each square fiducial 330 
being distinguishable from any other square fiducial. For 
example, as illustrated, the fiducials may comprise a single 
feature, for example a dot, and each fiducial may be distin 
guishable from the others by the size of the feature (e.g., the 
dot). Alternatively the fiducials may comprise a feature (such 
as a dot) that may be of the same (or different) size on each 
fiducial, but the fiducials may be further distinguishable from 
the one another, for example, by the number of the features 
(such as dots) that it has on it. In further alternative embodi 
ments, each fiducial may comprise a different feature or fea 
tures. The fiducials 320 can be of any shape or configuration, 
provided the imaging system is capable of distinguishing one 
fiducial from another. In the illustrated embodiment the imag 
ing recognition software could, for example, recognize 
whether the fiducial it had identified was a circular fiducial 
325 or a square fiducial 330 by determining the ratio of the 
square of the perimeter of the fiducial to the area of the 
fiducial. For example, this ratio for a circular fiducial 325 is 
around 12.5, and that for a square fiducial 330 is 16. Hence, 
having made this determination, the processor containing 
image processing Software would be able to distinguish the 
set of 6 circular fiducials 325 from the set of 4 square fiducials 
330, illustrated as an example in FIG.3. In addition, a similar 
capability in image processing could enable the processor to 
determine that the ratio of the area of the single smaller dot 
335 on the circular fiducial 325 to the area of the circular 
fiducial itself, was Smaller than the ratio of a larger single dot 
340 on the circular fiducial 325. Hence uniquely identifiable 
fiducials 320, such as those illustrated by example in FIG. 3, 
could be used to implement the methods of the present appli 
cation. The fiducials 320 may be placed at a known distance 
away from the inner edges that form a central opening 350 of 
the skin tensioner. In the example of FIG. 3, this known 
distance is illustrated as a distance 355 and it is shown as a 
distance from an inner edge of the tensioner to a point 345 on 
a fiducial where the point 345 is the closest to the central 
opening 350 of the skin tensioner 320. Alternatively, a dis 
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tance 355 may be measured from the inner edge of the skin 
tensioner to a center of the relevant fiducial. For example, in 
some embodiments the row offiducials is placed such that the 
distance 355 may range between 1 mm and 10 mm (and in 
Some embodiments may further range between 2 mm and 4 
mm) from the inner edges of the tensioning device 300. In 
other embodiments, depending on the application, this dis 
tance 355 may have widely different ranges. Fiducials may be 
used to bound an area, for example, for harvesting, and may 
need to have a known relationship to that area. The processor 
may comprise an algorithm which detects the fiducials on 
each side of the skin tensioner (or on the skin or other alter 
native surface), fits lines to the four (in the example of FIG.3) 
rows of fiducials and computes a quadrilateral whose corners 
are formed by the intersection of the best-fit plane containing 
all fiducials with planes passing through each line and normal 
to the all-fiducial plane. Based on the above and on the known 
distance from the near edge of the skin tensioner to the fidu 
cials, the processor is consequently able to identify and cal 
culate the area or central opening 350 bounded by the four 
side sections of the skin tensioner, which could represent the 
area within which it is desired that hair follicles be harvested 
from (or implanted into). 

Utilization of a skin tensioner 300 to host the fiducials 320, 
may require other factors be taken into consideration when 
identifying the actual bound area where follicular units will 
be harvested or implanted. One such factor is that the skin 
tensioner itselfhas a depth or height associated with it, that is, 
it does not typically lie flush with the patient’s body surface, 
but is raised above the body surface to a certain degree. It will 
also be appreciated that the angle at which the follicular units 
extend from the patient’s body surface varies. To this end, 
there may be situations in which although there may be a 
follicular unit that is close to the inner edges of the skin 
tensioner 300, due to the depth/height of the skin tensioner 
and/or the angle at which the follicular unit emerges from the 
skin, the tool that will be placed inside the central opening 
350 of the tensioner may not be able to be oriented properly 
relative to the follicular unit without interfering with the inner 
edges of the tensioner that define the opening 350. Therefore, 
a successful harvesting of the follicular unit could not be 
attempted. For this reason, in addition to using the informa 
tion of a known distance from the fiducials to the inner edges 
defining the central opening 350, the processor may be also 
configured to take into consideration, for example, a depth or 
height of the inner edge of the tensioner, and/or an angle and 
dimensions of the tool/punch when it orients relative to a hair 
graft to harvest it (or relative to a desired orientation of the 
hair graft to be implanted). When these distances, angles and 
other relevant parameters are taken into account, the proces 
Sor may determine, using a straightforward trigonometric 
calculation, a revised boundary 360. This revised boundary 
360 provides a predetermined distance from the fiducials that 
the tool may safely approach, without encountering the physi 
cal inner boundaries of the tensioning device itself, encoun 
tering issues arising from one or both of the depth/height 
associated with the tensioning device, encountering image 
processing issues arising from the shadow cast by the ten 
Sioning device on the body Surface, and/or the angle of 
approach of the tool. Alternatively, a calculation may be per 
formed on each hair in the field of view in order to allow 
selection of only those hairs that are reachable without such 
interference from the tensioning device or issues arising from 
inadequate tool dimensions. This selection may be done by a 
user based on user-specified criteria input via, for example, a 
keyboard, selected via the mouse, or selection may be pro 
vided by an automated algorithm, to harvest or implant the 
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next follicular unit accordingly. Having considered and 
accounted for all these variations, the location of the fiducials 
can be used to calculate whether the hair harvesting or 
implantation tool will clear the tensioner during the trans 
plantation procedure. 

Additional input criteria relating to the parameters of the 
procedure may also be selected at this time, allowing for 
automation of the procedure. Similar to that described above, 
these parameters may be input via a keyboard or a remote 
input device, or selected via the mouse, or selection may be 
provided by drop-down menus of an automated algorithm or 
similar such means. In this manner, the user may select, in 
reference to hair harvesting or implantation, for example, that 
the minimum distance from any previous harvest site be at 
least 2.0 mm, the minimum distance from a previously 
skipped harvest site be, for example, at least 0.5 mm, simi 
larly, tensioner offset distance from each side may be selected 
as well, or the type of follicular unit to be harvested (F2, F3, 
or F4, for example), or any other such parameter(s). With 
respect to other procedures, the appropriate parameters for 
Such specific procedure may be selected in a similar manner. 
For example, in a laser tattoo removal application, the user 
may select the angle of the laser to the body surface and/or the 
distance of the laser with respect to the skin. If instead of a 
tensioner some other boundary setting device is used, various 
distances as described above (e.g., offset on each side, etc.) 
may be selected by the user. 
The present invention utilizes of a set of identifying fidu 

cials such as those described above, to facilitate automation of 
a robotic system, such as follicular unit harvesting or implant 
ing system. In some embodiments one or more of the fiducials 
are distinguishable from others, in others, all of the fiducials 
are distinguishable from each other. The fiducials serve as 
objects, or reference marks in a field of view of an image 
acquisition device. These identifying fiducials when viewed 
in an image can be recognized in the image, and may be 
individually recognizable from each other in Subsequent 
images. Fiducials may be physically identified by a 1-D bar 
code, a 2-D data matrix code, known markings such as alpha 
numeric characters, a series of dots, a series of bars, or any 
other type of unique identifier or custom scheme. As Men 
tioned above, the perimeter-to-area ratio, the ratio of area of 
the internal features to the outside features, and the number of 
internal features may be combined to ensure that a unique 
identifier can be determined for each fiducial. 

FIGS. 4(a)-4(f) illustrate how the steps of FIG. 1 can be 
implemented utilizing the system of FIG. 2 and fiducials, for 
example, similar to those as illustrated in FIG.3. In FIG.4(a), 
a tensioning device 400 is illustrated. In order to more easily 
explain the various methods of the current invention, rather 
than utilize fiducials such as those illustrated in FIG. 3, the 
discussion will utilize fiducials 405 which are illustrated as a 
series of alphabetic characters. A to F, along the vertical side 
sections of the skin tensioner, and a set of numeric characters, 
1 to 8, along the horizontal side sections of the skin tensioner. 
The fiducials generally may be placed in arbitrary positions 
relative to a working area. As mentioned above, the fiducials 
are placed such that a known feature of the fiducial, for 
example the center of each fiducial, or a known boundary of 
the fiducial is at a known distance from inner bounding edge 
of the skin tensioner. For example, the fiducials may comprise 
circular shaped adhesive labels that affix to the tensioning 
device, the edges of the circular shaped adhesive labels being 
such that the size of the label is less than the size of the vertical 
and horizontal structures of the tensioning device to which it 
is attached, so that when placed on the tensioning device, the 
fiducials themselves may be located, for example, in the 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
region of 2 minor so from the inner boundary of the tension 
ing device. It is desirable to position fiducials (whetherit is on 
the tensioner, or on a skin itself) or locate natural fiducials, 
such as follicular units, such that the relative position of the 
fiducials do not change, or if they do, they do not change 
significantly during the procedure. The system, in particular 
the processor, can process images acquired by the image 
acquisition device to detect Substantial relative motion, for 
example motion in the region of 1 mm in a field of view in the 
region of 50 mm, that may be caused, for example, by misi 
dentification or detachment of a fiducial (if it is an externally 
placed fiducial), and report such an error so that measures 
may be taken if necessary to compensate or correct for the 
error. Of course, the surface on which the fiducials are located 
is free to move (e.g. patient moving his/her head or getting 
up). The translation and rotation of the surface with the fidu 
cials due to motions can be computed any time when at least 
three non-collinear fiducials are visible. When the shifted 
and/or rotated fiducial locations are detected (for example, by 
an imaging device and/or image processing software or hard 
ware which may form a part of an imaging system), the 
procedure is able to continue at the next harvest site. If fewer 
than three non-collinear fiducials are visible, another attempt 
to image and register fiducials is made so that three or more 
fiducials become visible, as described in more detail in refer 
ence to FIGS. 5(a)-5(g). 

According to the methodology of an embodiment of the 
invention, and with reference to FIG. 4(a) the location and 
optionally the orientation of each of the fiducials 405 may be 
identified, registered, and electronically saved via the image 
processor. In addition, the user may also specify via an input 
device such as the keyboard or the mouse, information per 
taining to the physical parameters of the tensioning device 
400 (if such tensioning device is used) and the tool, informa 
tion such as the height of the tensioning device 400 relative to 
the body surface and the diameter of the tool for example. 
Based on this information, the processor may, optionally, 
determine the location and orientation of a revised boundary 
410. To aid in the understanding, it will be assumed that the 
fiducials 405 are recorded in the coordinate system of the 
image acquisition device, which as indicated above is on the 
robotic arm, though they may be recorded in any appropriate 
reference frame. 

Having registered the location and possibly the orientation 
(when applicable) of each of the fiducials 405, the image 
processor identifies the location and optionally the orienta 
tion, of one or more hair harvesting (or implantation) sites 
415, and may register and electronically save such identified 
information. Optionally, if the revised boundary 410 has been 
determined, the image processor identifies the location and 
possibly the orientation of one or more hair harvesting (or 
implantation) sites 415 within the revised boundary 410. The 
information about location and orientation of the harvesting 
(or implantation) site is registered and stored with respect to 
the location and orientation of the fiducials 405. This enables 
monitoring and control, for example, of the spacing between 
hairs to avoid underharvesting (when harvest density is too 
low) and overharvesting (when harvest density is too high). 
Optimal density can be maintained only if the system, Such as 
the robotic system is able to maintain its knowledge of the 
harvest (implant) area, and use the full area available for 
harvesting or implanting. When the fiducials are used to 
define the boundaries, for example, of the harvest area, har 
vesting may be automatically performed as close as desired to 
that boundary. The harvesting mechanism can turn automati 
cally to start a new row when the boundary is approached, and 
can stop automatically when the full area bounded by the 
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fiducials has been harvested. Automation of the hair harvest 
ing (or hair implantation) procedure is facilitated by main 
taining harvest direction and row-to-row spacing despite 
patient motion as discussed below. 

FIGS. 4(a)-4(f) will be discussed, as an example, in refer 
ence to the hair harvesting, and assuming that revised bound 
aries 410 are utilized. However, it should be understood that 
this description applies and could be adjusted accordingly in 
reference to hair implantation, and to eliminate the determi 
nation of revised boundaries 410. As illustrated in FIG. 4(a) 
the harvesting tool is operated to initiate the harvesting pro 
cedure from the bottom left hand corner of the quadrilaterally 
shaped bound area, bounded by the revised boundary 410. 
During the hair transplantation process, often various fluids, 
including for example, blood and saline will be present on the 
body surface. It was discovered that it is advisable, especially 
in the computer-implemented or robotic hair transplantation 
procedures, that the harvesting or implantation process begin 
from the bottom of the frame, whether it be in the right or left 
corner. This way any appearing blood or other fluid will tend 
to flow downwards, and therefore, will less likely compro 
mise the image of the potential Subsequent hair harvesting or 
implantation sites, thus optimizing any image processing that 
may be implemented. The harvesting tool may be moved to 
the initial or first harvesting location, such as location 415 in 
FIG. 4(a), directly or indirectly by the physician (for 
example, the physician may click on the image to identify the 
desired harvesting location), or the processor may be config 
ured or programmed to find this location itself, for example, 
based on the information it has acquired on the fiducials, the 
processor may then provide instructions to the control unit to 
move the tool accordingly. 

In this particular instance, the tool has been instructed to 
move to the location approximately corresponding to the 
position C5, and the tool is operated to harvest a follicular unit 
at the harvesting site 415. In one embodiment according to the 
provided methodology, the processor may create a visual 
representation of the location on the site at which the follicu 
lar unit has been harvested This representation may comprise 
a circular shape such as that illustrated, a cross, or any other 
Such visualization. The visual representation or the marking 
of the harvesting (or implantation) site is beneficial to the user 
of the system, providing a visual image of where harvests (or 
implantations) have occurred. Moreover, in some embodi 
ments, it may be desirable to highlight the above-mentioned 
visual representation of the harvesting or implantation site in 
a distinctive color. The tool is then controlled to move in the 
direction represented by arrow 420, along the row defined by 
virtual line C-F, substantially parallel to a horizontal side of 
the revised boundary 410. Although for convenience, the 
drawings of this application show that follicular unit implan 
tation or harvesting takes place in Straight rows and columns, 
it should be apparent to those in the field that naturally grown 
follicular units do not grow in straight rows and columns, and 
needless to say it is not intended that the present invention be 
read is such a restrictive fashion. The column and row expla 
nation has been used for ease of understanding only, and 
locations at any reference location fall within the scope of the 
application. 
As indicated in FIG. 4(b) the processor can be configured 

to operate the tool to harvest follicular units at predetermined 
locations, such as in this example, by passing over, for 
example, any locations in row C-F between fiducial locations 
5 and 7 without harvesting a follicular unit, and making its 
subsequent or second harvest at the location 425 that could be 
defined as C7. It should be understood that the selected har 
vesting location, for example, on the row C-F does not have to 
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be exactly at the level of the location of the fiducials 405 (such 
as fiducial 7), but rather may be anywhere and at any distance 
from a particular fiducial (e.g., between the level of fiducials 
6 and 7). When the processor determines that the tool is within 
a predetermined distance from fiducial F and the end of this 
first harvesting row, or that the revised boundary 410 has been 
reached, the processor provides instructions to the control 
unit to cause the tool to move in a directionaway from fiducial 
F to automatically increment to the next harvesting row. In 
this particular case, as illustrated in FIG. 4(e), the tool is 
controlled such that it moves initially in an upwardly direc 
tion 430, from F to E, and then in a direction denoted by arrow 
435, away from E, away from the revised boundary 410, and 
along the virtual line EB. In this case, the tool is controlled to 
move to a harvesting site 440 located at approximately B-8, 
and operated to harvest a follicular unit at that location before 
moving on. This procedure can continue without requiring 
intervention from the operator or physician. It should be 
understood, however, that the operator may intervene at any 
time to overwrite an automated movement and select a dif 
ferent follicular unit to be harvested, if desired or necessary. 
The system is configured to direct a tool to move and operate, 
for example, at least in part based on the location of the 
fiducials. In this manner, the tool can be operated to turn 
automatically when the revised boundary is approached and 
start the next row of the harvesting process, and to stop 
automatically when the area bound by the revised boundary 
410 has had all desired follicular units harvested. 

According to another example of implementation accord 
ing to the inventions described herein, FIG. 4(d) indicates a 
location 445 denoted by an “X”, at which it is intended that 
the next follicular unit be harvested. However, let us assume 
that for whatever reason, there is an interruption, perhaps the 
patient moves, either temporarily leaving the operation chair, 
or just shifting to get in a more comfortable position. Even 
though the patient has moved, the view seen by the camera 
which is in this instance located on the robotic arm, will be 
Substantially unchanged in the global context, that is, the view 
relative to the chair will be the same (assuming that the chair 
is not moved with respect to the robot). However, the view 
with respect to the patient’s body surface may be different. As 
indicated in FIG. 4(e), the patient’s body surface may have 
moved such that the existing follicular units can be seen to 
have moved both to the right, and upwardly, in the frame of 
view 450. If the tool was moved to harvest the next follicular 
unit at a location with coordinates referenced with respect to 
the frame of view 450, it can be seen that the follicular unit 
would be harvested from a location 455 marked with the “X” 
which is not the original desired location marked as 445 in 
FIG. 4(d). As indicated in FIG. 4(e), this location 455 is close 
to another follicular unit 460 that could be damaged by har 
vesting the location 455. This location 455 is also close to a 
location from which another follicular unit has already been 
harvested, location 465. Moreover, this would not maintain 
the intended row-to-row spacing of harvested follicular units, 
and does not maintain the intended spacing of the harvested 
follicular units from one another. By registering the intended 
harvesting site with respect to the fiducials 405, the robotic 
system is able to avoid some or all of these errors, and addi 
tionally is able to continue the harvesting process without 
necessarily requiring significant intervention of the physician 
to do so. The robotic system is configured to determine the 
location and orientation of each of the fiducials 405, and 
compare these new or revised locations and orientations with 
the already saved information on each of the distinctive fidu 
cials 405. For example, in this particular case, it will deter 
mine that the location of each of the fiducials 405 has moved 
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a certain distance towards the right hand side of the frame of 
view, and a certain distance in an upwardly direction also. 
Using fiducial tracking techniques that are known in the art, 
the system is able to determine how each of the initially 
identified fiducials has been transformed in location and ori 
entation, and determine the transformation that needs to be 
applied to the location 455, to relocate that same location 455 
with respect to the fiducials 405. Having acquired this infor 
mation, the processor is then able, using known transforma 
tion techniques, to modify the location and orientation infor 
mation of the intended implantation location 455 
accordingly, applying the necessary transformation of the 
coordinates of the location, so that the tool can be operated to 
move to the correct harvesting site 470 (which correspond to 
the originally marked site 445), as illustrated in FIG. 4(f). In 
this manner, the system is configured to operate the follicular 
unit harvesting tool to maintain its harvesting direction that is 
along the virtual row A-D, despite patient movement. In addi 
tion, the system is configured to ensure that harvesting does 
not occur at sites where harvesting has already taken place, 
enabling site to site spacing and row-to-row spacing to be 
maintained. To this end, the provision of visual image, for 
example, in the form of circles centered about where harvest 
ing has been performed, provides the user with a visual rep 
resentation that confirms that harvesting has occurred at the 
site to site spacing and row-to-row spacing desired. Obvi 
ously, should the visual circular representations not corre 
spond with the desired outcome, the user has an opportunity, 
based on the recognition of the deviation from expectation, to 
correct for any errors that may be visualized. This correction 
can be implemented at any moment that deviation from 
expectation has been detected, and multiple corrections may 
be performed throughout any procedure. In this manner, the 
system is able to harvest follicular units despite patient move 
ment. It will be appreciated that although the above has been 
described with respect to the harvesting process, the method 
ologies described above can be easily adapted to apply to the 
implantation process, or other procedures. 

According to another aspect of this application, harvesting 
and implantation locations could be used to define “exclusion 
Zones' around harvesting or implantation sites. For example, 
arbitrarily shaped features or structures may be utilized to 
facilitate selection of the next harvest or implant site, which 
may optionally be visually represented to the user. In one 
embodiment, the perimeter or an outline of the arbitrarily 
shaped feature can be tailored to indicate an exclusion Zone, 
that is an area within which selection of the next potential 
harvesting site or a potential implantation site should be 
avoided. A more detailed discussion of the exclusion Zone as 
used in the present application is provided below. 

To aid with the understanding of the exclusion Zone, con 
sider first a situation in which no harvesting or implanting is 
allowed when the distance between the proposed site and any 
previous harvest site is less than a given radius, and the 
harvesting tool penetrates a body Surface Substantially 
orthogonal to the body Surface. In this situation, a simple 
circle (representing a simple exclusion Zone) may be utilized 
to facilitate selection of the Subsequent hair harvesting or 
implantation site, by creating the perimeter around a new 
potential harvesting/implanting site. The perimeter of Such 
circle will be larger than the potential harvesting/implanting 
site to provide for an exclusion Zone around the harvesting/ 
implanting site, that is an area in which the tool should avoid 
harvesting/implanting a Subsequent follicular unit. For 
example, such harvesting/implanting should be avoided if, in 
addition to the potential harvesting/implantation site, there is 
also a location of already previously harvested/implanted site 
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within the perimeter of the circle, or perhaps within a prede 
termined distance from the perimeter. The exclusion Zone 
may be based on various criteria, including, for example, 
avoiding problems such as the potential harvest/implant site 
coinciding, intersecting with, or coming too close to an 
already existing harvest/implant site, or merely defining the 
minimum separation of follicular units that are to be har 
Vested/implanted for medical or aesthetic reasons. 
The above methodology works well if one assumes that the 

harvesting tool enters the body Surface Substantially orthogo 
nal to the body Surface. However, hairs do not generally grow 
orthogonal to the body surface, or at least the portion of the 
hair beneath body surface does not grow substantially 
orthogonal to the body surface. Therefore, it is more likely 
that a harvesting tool will be approaching a scalp at an angle. 
Assume that this angle is an acute angle. Due to the acute 
angle of the approach, and the Velocity of approach, the tool 
(such as a harvesting punch) may tend to skive the skin, 
sliding a little further than perhaps originally intended, and 
enter the body surface slightly off-center from the intended 
harvesting site. As the punch enters the body Surface, it is 
doing so at an angle, and therefore as it continues to penetrate 
into the body tissue, it also does so at an angle. As the har 
vesting tool penetrates the body surface, the distal end of the 
harvesting tool may not only enter the body Surface at a 
location that differs from the intended entry point (the 
intended harvesting site), but the distal end of the harvesting 
tool may also reach a location beneath the body surface that 
differs in the horizontal direction from the original location of 
entry on the body surface. It is therefore possible that on so 
doing, the distal end of the harvesting tool may coincide or 
intersect with an already harvested site, or a site that has 
already been implanted into. In this particular situation, rely 
ing on a circular-shaped feature may cause an unintentional 
overlap with an existing harvesting or implantation location, 
and therefore, may create potential problems. For example, 
harvesting a follicular unit that is too close to a previous 
harvest site can cause the skin between the two harvests to 
tear, resulting in excessive bleeding and Scarring. 

It is therefore an aspect of this disclosure to provide for an 
exclusion Zone that is tailored to accommodate at least one or 
more of various factors, for example, with reference to hair 
transplantation, a minimum distance between harvests, a 
minimum distance between implants, the diameter of the tool, 
the angle of approach of the tool, the direction and/or velocity 
of approach of the tool, or the depth of penetration of the tool. 
In reference to other medical procedures, an exclusion Zone 
will be tailored to the factors appropriate for such procedures. 
Such an exclusion Zone may comprise any closed polygon 
shaped feature, be it oval, elliptically-shaped, tear-drop 
shaped, or any arbitrarily shaped feature configured to 
accommodate or take into consideration the examples of the 
factors mentioned above. The parameters of the exclusion 
Zone (its size, shape, and location) provide information that 
can be utilized by the processor in the selection of the next 
harvesting or implantation site, to exclude harvesting or 
implanting into already harvested or implanted regions, or too 
close to such regions, whether those regions be at the skin 
surface or below it. It also provides a visual indication to the 
user that appropriate selections of harvesting or implantation 
sites are being made by the automated hair transplantation 
system. 

According to one aspect, as an example, a method for 
defining an exclusion region of operation of a tool during hair 
transplantation is provided. The method may comprise pro 
viding processing instructions that can cause an exclusion 
Zone to be created around a potential harvest/implant site, the 
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exclusion Zone may be based on at least one of or more of a 
minimum distance between harvests, a minimum distance 
between implants, the diameter of the tool, the angle of 
approach of the tool, the direction and/or Velocity of approach 
of the tool, or the depth of penetration of the tool. The method 
further comprises determining existence of any previous har 
Vest or implant site that may lie within the exclusion Zone, in 
addition to the proposed harvest/implant site. If a previous 
harvest or implant site lies within the exclusion Zone, the 
proposed harvestor implant site is skipped, it is not harvested/ 
implanted and the processor may select another proposed 
harvest or implant site, and check again. This selection pro 
cess may be continued until a site is selected that passes an 
exclusion Zone test, for example, the test of having no previ 
ous harvest or implant sites within its exclusion Zone. 

FIGS. 4(g) and 4(h) illustrate an example of an embodi 
ment using an exclusion region methodology. Turning first to 
FIG. 4(g), already harvested locations 472 and 474 are iden 
tified with a circular representations 476 and 478 indicating 
larger regions centered about the harvest locations 472 and 
474. These circular representations 476 and 478 provide a 
visual image of areas from which it is not desirable to harvest 
additional follicular units, as these would be too close to 
already harvested follicular units. The processor may select a 
potential harvesting location 480, which is outside the circu 
lar representations 476 and 478. In addition, the processor 
creates an arbitrary shaped feature 482, which in this instance 
is shaped as a tear-drop, around the potential harvesting loca 
tion 480. As can be seen in the figure, the shape of the feature 
482 can be described as a circle around the potential harvest 
ing location 480, which has been extended, or stretched in the 
direction 484, which is the direction in which the tool is both 
travelling and angled to harvest, thus forming a tear-drop 
shape (or exclusion Zone). Having created this exclusion Zone 
482, the processor determines whether there are any already 
harvested sites that fall within the exclusion Zone 482 in 
addition to the potential harvesting site 480. In this instance, 
the already existing harvesting site 472 can be seen to fall 
within the exclusion Zone of the tear-drop 482, and so the 
processor will determine that this potential harvesting site 
480 is not a site from which a follicular unit should be har 
vested. Harvesting a follicular unit from this location 480. 
with the tool orientated at the selected angle and in the direc 
tion 484, could possibly create a harvesting path that coin 
cides or intersects with the already existing path that was 
created at location 472. Therefore, the processor selects an 
alternative potential harvesting site, for example that indi 
cated in FIG. 4(h). 

In FIG. 4(h), once again already harvested locations 472 
and 474 are identified with circular representations 476 and 
478 indicating larger regions centered about the harvest loca 
tions 472 and 474, from which it is not desirable to harvest 
additional follicular units. The processor selects a potential 
harvesting location 486, which is outside the circular repre 
sentations 476 and 478. In addition, the processor creates an 
arbitrary shaped feature 490 (or exclusion Zone) which once 
again is shaped as a tear-drop, around the potential harvesting 
location 486. As can be seen in the figure, the shape of the 
feature 490 can be described as a circle around the potential 
harvesting location 486, which has been extended, or 
stretched in the direction 488, which is the direction in which 
the tool is both travelling and angled to harvest, thus forming 
a shape that is tear-drop shaped. Having created this exclusion 
Zone 490, the processor determines whether there are any 
already harvested sites that fall within the exclusion Zone 490 
in addition to the potential harvesting site 486. In this 
instance, while there are follicular units within the exclusion 
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Zone 490, for example, the harvesting site 492, none of them 
has been harvested yet. Therefore, a candidate or potential 
harvesting site 486 is an acceptable candidate, and the pro 
cessor may determine that this potential harvesting site 486 
could be harvested without intersecting with any already 
existing harvesting path. 
The generation of visual representations that define exclu 

sion Zones that are centered, for example, about a harvesting 
site, may create an image that has numerous overlapping 
representations, and consequently an image that has numer 
ous gaps formed between each of the distinct exclusion Zones. 
This is illustrated in FIG. 8(a) in which already existing 
procedure sites, such as harvesting sites 805, 810 and 815, 
each have associated exclusion Zones 820, 825 and 830 
respectively, created as described hereinbefore. The exclu 
sion Zones 820, 825 and 830 create a gap 835 as illustrated. 
Gaps such as these tend to create a rather “unfriendly” visual 
representation for the user and the processor. An image with 
a vast number of these gaps can make it difficult for the eye to 
easily identify or focus on the "larger gaps, and may also 
consume additional processing time by the processor. By 
avoiding the creation of these gaps, and in particular the 
relatively small gaps, a visual representation that is more 
pleasing to the eye can be created, a more “friendly' visual 
representation for the processor and/or the user, one in which 
gaps are fewer and easier to identify. This is particularly 
beneficial, for example, in situations where manual follicular 
unit selection is desired, situations in which for example, the 
user can manually select follicular units to be harvested that 
were missed by an automatic selection algorithm or close to 
the skin tensioner but still harvestable in the eyes of the user. 
One way in which the gap 835 illustrated in FIG. 8(a) can 

be avoided, is by using an alternative or additional method 
ology which serves to fill the gaps between the exclusion 
Zones 820, 825 and 830. In one embodiment, more than one 
existing follicular unit harvest site is used to create a visual 
representation of the exclusion Zone for that particular har 
vested follicular unit. For example, in one such method for 
creating a visual representation of the exclusion Zone, the 
visual representation is generated by using not only the newly 
harvested follicular unit, but by using information from its 
neighboring or satellite sites, the sites of previously harvested 
follicular units that are in close proximity to the newly har 
vested follicular unit. 

FIG. 8(b) shows the two existing harvested follicular unit 
sites 805 and 810, and a site 815 which represents a site of a 
newly harvested follicular unit. For ease of explanation, the 
exclusion Zones 820, 825 and 830 have been omitted. When 
processing the exclusion Zone for the newly harvested folli 
cular unit site 815, the processor is configured to determine 
whether or not the already existing follicular unit harvesting 
site 805 is within, for example, a predetermined distance from 
it. This predetermined distance may be based, for example, on 
a multiple of the minimum harvest distance described above, 
the multiple being greater than one, and ranging, for example, 
from 1.5 to 2.5. For example the predetermined distance may 
be less than or equal to at least twice the minimum harvest 
distance from the newly harvested follicular unit site 815, that 
is a distance of, for example, 3.8 mm. If it is found that the 
already existing follicular unit harvesting site 805, for 
example, is less than or equal to at least twice the minimum 
harvest distance away from the newly harvested follicular 
unit site 815, the already existing follicular unit harvesting 
site 805 may be considered to be a satellite site with respect to 
the newly harvested follicular unit site 815. If, however, it is 
found that the already existing follicular unit harvesting site 
805 is more than at least twice the minimum harvest distance 
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away from the newly harvested follicular unit site 815, the 
already existing follicular unit harvesting site 805 may be 
considered not to be a satellite site with respect to the newly 
harvested follicular unit site 815. In a similar manner, when 
processing the exclusion Zone for the newly harvested folli 
cular unit site 815, the processor is configured to determine 
whether or not the already existing follicular unit harvesting 
site 810 is less than or equal to at least twice the minimum 
harvest distance from the newly harvested follicular unit site 
815, that is a distance of, for example, 3.8 mm. 

For ease of understanding, let us assume that both existing 
harvested follicular unit sites 805 and 810 are less than or 
equal to at least two times the minimum harvesting distance 
from the newly harvested follicular unit site 815. In this 
instance the processor creates a closed loop profile, or a 
Supplemental exclusion Zone, based on the locations of the 
newly harvested follicular unit site 815, and the existing 
harvested follicular unit sites 805 and 810, forming a trian 
gular shape 840 as illustrated in FIG. 8(b). The processor 
combines or Superimposes this closed loop triangular profile 
840 (the supplemental exclusion Zone) onto the three circular 
exclusion zones 820, 825 and 830, as illustrated in FIG. 8(c) 
to form a visual presentation of the modified exclusion Zone 
845, as illustrated in FIG. 8(d) that no longer incorporates the 
relatively small gap 835. 

FIG. 8(e) illustrates an example in which a newly harvested 
follicular unit site 850 is introduced, sites 805,810 and 815 all 
being already existing harvested follicular unit sites. If one 
assumes that the existing harvested follicular unit sites 805, 
810 and 815 are less than or equal to a certain minimum 
harvesting distance, for example, at least two times the mini 
mum harvesting distance, from newly harvested follicular 
unit site 850, they will all be considered satellite sites to newly 
harvested follicular unit site 850. The processor in this 
instance is configured to create a closed loop profile (Supple 
mental exclusion Zone), based on the locations of the newly 
harvested follicular unit site 850, and the existing harvested 
follicular unit sites 805,810 and 815, forming a polygon with 
indices 805,810, 815 and 850. However if, for example, it is 
determined that only existing harvested follicular unit sites 
810 and 815 are less than or equal to at least two times the 
minimum harvesting distance from newly harvested follicu 
lar unit site 850, and existing follicular unit harvesting site 
805 is more than at least two times the minimum harvesting 
distance from the newly harvested follicular unit site 850, 
only existing harvested follicular unit sites 810 and 815 will 
be considered satellite sites for site 850, and the close loop 
profile will be a triangle (not shown) with the indices of 810, 
815 and 850. 

Finally, FIG. 8(f) illustrates an example in which the cen 
trally located newly harvested follicular unit site 885 has five 
satellite sites 860, 865, 870, 875 and 880 around it. Rather 
than providing a visual representation of an exclusion Zone 
that only comprises a simple circles Surrounding the newly 
harvested follicular unit site 885, the processor, having deter 
mined that each of the already existing harvested follicular 
unit sites 860, 865, 870, 875 and 880 surrounding the cen 
trally located newly harvested follicular unit site 885 are less 
than or equal to, in the provided example, twice the minimum 
harvesting distance from it, forms a polygon 890 (Supplemen 
tal exclusion Zone) linking all the satellites to Surround the 
centrally located newly harvested follicular unit site 885. In 
this instance, by combining this polygon shape 890 with the 
six circular exclusion Zones corresponding to the already 
existing harvested follicular unit sites 860, 865, 870,875 and 
880, no gaps are visualized within the visual representation of 
the modified exclusion Zone. This potentially enables a reduc 
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tion in computer processing time, and it also provides benefit 
to the user by ultimately enabling the user to more easily 
identify on a display and focus on the larger gaps that may 
exist. 

FIG. 9(a) illustrates a visual representation which only 
utilizes a methodology in which the exclusion Zones are cen 
tered about the harvested follicular units. In FIG. 9(a) atten 
tion is drawn to one particular gap 910. On the other hand, 
FIG. 9(b) illustrates the visual representation which utilizes a 
combined methodology in which the exclusion Zones are 
centered about the harvested follicular units and then com 
bined with the overlay of the supplemental exclusion Zone 
provides by the appropriate satellite sites. As seen in FIG. 
9(b), the location where there used to be a gap 910 is no longer 
there. A visually more “friendly' image has been rendered. In 
Summary, according to some embodiments a method is pro 
vided for generating a visual representation of a region where 
a procedure was performed. The method comprising gener 
ating a visual representation of one or more procedure sites 
(e.g. harvest sites) where a procedure was performed. If more 
than one procedure site exists, the visual representation of the 
exclusion Zones for each of the procedure sites are over 
lapped. The method further comprises generating one or more 
Supplemental exclusion Zones for any or all procedure sites: 
and overlapping the exclusion Zone and the Supplemental 
exclusion Zones to generate the representation of the per 
formed procedure region. The step of generating one or more 
Supplemental exclusion Zones may be accomplished by com 
paring a distance between a particular procedure site and one 
or more previous procedure sites that Surround that particular 
procedure site, and for those Surrounding sites where the 
distance is within a predetermined or selected limit, such 
surrounding sites are identified as the satellite sites for the 
particular site. In some embodiments, the above-mentioned 
comparison may be run against every existing procedure site 
to identify a corresponding collection of the satellite sites for 
each existing procedure site. In some embodiments, with 
reference to hair transplantation, each new harvested hair 
graft may be compared to any or all other previous harvested 
hair grafts and be added, as appropriate, based on the results 
of the comparison, to a collection of the satellite sites for each 
relevant previous harvest site. Alternatively or in addition, 
any or all previous harvest sites may be compared to a newly 
harvested site and, based on the results of Such comparison, 
be identified as the satellite sites for the newly harvested site. 
In some embodiments, the satellite sites may be sorted based 
on certain criteria, such as the tangle angle in the coordinate 
system, for example, with the Smaller angle going first, form 
ing a counter-clockwise sequence, or with a greater angle 
going first, forming a clockwise sequence. This sorting may 
be used to generate a continuous convex profile. Without 
sorting, the random sequencing of the satellite sites may miss 
Some parts of the geometry profile. In some embodiments, the 
method may further comprise updating and displaying the 
previous procedure region. 

It may be desirable in various procedures to identify 
“reserved regions” where procedure should not be performed. 
These reserved regions will be described in reference to hair 
harvesting and implantation and therefore will be referred to 
the “reserved harvest regions, however, it should be under 
stood that this description applies to various “reserved 
regions' for various medical procedures within the scope of 
the inventions described herein. Reserved harvest regions 
define areas from which hairs are not to be selected for har 
vesting. These reserved harvest regions may define areas 
where skin conditions exist that make the area unsuitable or 
undesirable for harvesting from or implanting into, areas 
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which contain previously implanted follicular units, areas 
containing a particular classification of follicular unit (as F1 
for example) that are not desired for the current harvest, areas 
where moles or Scars exist, or define areas exhibiting any 
number of other conditions. These reserved harvest regions 
can be illustrated, as shown, for example, in FIG. 10, as a box 
1010, or as a circular representation (note that if a circular 
representation is used, the circles representing the reserved 
harvest regions may be formed in a different color than the 
circles used to identify the exclusion regions 1020), or as any 
arbitrary shape, and may be created in numerous ways. For 
example, the user may manually define a reserved harvesting 
site by manually clicking a mouse at a point within the revised 
boundary 410, to create a reserved harvest region box of 
pre-defined size. Alternatively, a reserved harvest region box 
may be created whose sides may be adjusted by the user, or 
several points may be identified by the user, and the processor 
may create a closed-loop arbitrary shape that encompasses all 
the identified points. In an alternative, the reserved harvest 
regions may be automatically created by the processor once it 
has processed the information contained in the acquired 
images, and the user may be allowed to accept or reject these 
automatically created reserved harvest regions. It will be 
apparent that there are many other ways in which Such 
reserved harvest regions may be created for or by the user. 

Returning to the discussion of the fiducials, sometimes not 
all the fiducials are visible in the frame of view of the camera. 
For example, there may be situations in which all of the 
fiducials are not visible, and only a subset of them is. In this 
embodiment of the invention, the system may use the limited 
information initially available and ultimately create a register 
of the location of all the fiducials with respect to each other. 

According to another aspect of the present application, 
examples of locating and registering a plurality of fiducials 
are described in reference to FIGS. 5(a)-5(g). With reference 
to the example of the robotic system of FIG. 2, since the field 
of view of the cameras (for example, 2 cameras used for 
StereoVision) may be Smaller than the area spanned by the 
fiducials, it may be necessary to move the robot around the 
boundary (e.g. perimeter of the tensioner or a region defined 
by a pattern of existing hairs acting as fiducials) to capture the 
locations of the fiducials. This motion may be performed, for 
example, manually by an operators hand dragging the imag 
ing mechanism attached to the robotic arm using “force 
control, or by manipulating the robotic pendant. However, in 
a preferred embodiment, a robotic arm with the attached 
image acquisition device may be moved automatically 
around the periphery of the skin tensioner (or around the 
boundary with a plurality of fiducials that defines the harvest 
ing or implantation region). In the automated approach, the 
robot may be first moved manually to the initial position 
which brings enough fiducials into view to establish the fidu 
cial frame of reference. Typically, it requires at least three (3) 
fiducials. FIG. 5(a) illustrates an initial frame of view 502 
taken from the frame of view of the camera(s) which is 
mounted on a robotic arm of a follicular unit harvesting or 
implanting system, the frame of view having a centerpoint of 
reference 504. In this embodiment, four fiducials A, B, 1 and 
2 are visible in the initial frame of view 502. In order to utilize 
the teachings of this invention, the system has to acquire the 
location and/or orientation of each fiducial with reference to 
at least one other fiducial. As mentioned above, in order to 
obtain information pertaining to both location and orienta 
tion, at least three fiducials are required to be visible in the 
initial frame of view 502. For example, some examples of 
obtaining, tracking and recording information about fiducials 
that could be used in the present invention is described in the 
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commonly owned co-pending patent application published as 
US 2010-0080415A1 on Apr. 1, 2010, which is incorporated 
herein by reference. 
To enable the system to acquire the location and optionally 

the orientation of the other fiducials, the system initially 
moves the field of view of the camera over the body surface 
such that one of the fiducials that was in the initial frame of 
view 502, is located at the center of the frame of view, that is, 
that the centroid of fiducial 1 is substantially aligned with the 
point of reference 504, as shown in FIG. 5(b). This first 
fiducial 1 is allocated location and optionally orientation 
coordinates, for example it may be given the reference coor 
dinates of (2.4). The image processor Subsequently identifies 
the next closest fiducial that has not already been centered. In 
the event that there are two or more closest fiducials, the 
system is configured to select the closest fiducial according to 
a predetermined selection mechanism. The selection mecha 
nism may be relatively simple, such as always selecting the 
one towards a particular direction, and only doing So if the 
reference coordinates of the fiducial in that direction have not 
already been acquired. In this instance, the selection mecha 
nism hierarchy may comprise, for example, the order of to the 
right, downwards in direction, toward the left and finally 
upwards in direction. 

FIG. 5(c) illustrates the camera having been moved over 
the body surface such that the centroid of the closest fiducial 
2, to the right hand side of the fiducial 1 is located at the 
reference location 504 of the field of view 502. In order to get 
to this particular location, the movement undertaken by the 
camera itself is registered. For example, if the camera move 
ment from a position where the centroid of fiducial 1 was at 
the point of reference 504 to a position where the centroid of 
fiducial 2 was at the point of reference 504, is defined by (2.0), 
then the coordinate for the location of the centroid offiducial 
2 would be (4.4). Similarly, in FIG. 5(d) the camera move 
ment a position where the centroid of fiducial 2 was at the 
point of reference 504 to a position where the centroid of 
fiducial 3 was at the point of reference 504, as (2,0), then the 
coordinate for the location of the centroid offiducial 3 would 
be (6, 4). It can be seen that in FIG. 5(e), once the centroid of 
fiducial 4 is placed at the point of reference 504, and allocated 
the coordinates (8.4) there is no fiducial to the right, and in 
FIG. 5(f), the camera is moved (2-1) such that the centroid of 
fiducial D is at the point of reference 504. In this manner, the 
location of the centroids of all fourteen distinguishable fidu 
cials (shown in FIG. 5(g)) are known with respect to each 
other. In possession of this information, in Some embodi 
ments virtual lines 506, 508, 510 and 512 may be drawn to 
define an initial boundary, and after taking into account the 
location of the centroids of the fiducials, for example, from 
the inner edges of the tensioning device, the relative height of 
the tensioning device above the body Surface (assuming an 
embodiment where there is one) and/or the tool diameter, a 
revised boundary 514 can be determined, inside of which the 
coordinates of follicular unit can be identified for harvesting, 
or the coordinates of follicular unit implantation sites can be 
identified for implantation. 

According to one embodiment of the method of the inven 
tion, an initial image and one or more Successive images are 
taken of a skin Surface containing a plurality of fiducial 
marks. In each Successive image, the offset of the fiducials 
from their positions in the initial image is recorded by com 
puting, for example, a best-fit transformation T that mini 
mizes the error between the original positions and the trans 
formed value of the subsequent positions. If new fiducials are 
seen in Subsequent images, their positions are transformed by 
the inverse of Tso that they too can be recorded in the frame 
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of reference of the initial image. Once their location is trans 
formed and recorded, these new fiducials can then be used in 
conjunction with the original fiducials to locate an update to 
the best-fit transformation T. This fiducial offset information 
is utilized in processing the location and/or orientation, for 
example, of a harvesting site, applying the offset to the 
intended harvesting location prior to carrying out the harvest 
ing itself. Similarly, the fiducial offset information could be 
used in processing locations and/or orientations of the 
intended implantation sites and Such offset could be applied 
to the intended implantation location prior to actual implant 
ing. 

Having created a set of coordinates for carrying out the 
harvesting or implanting procedure, as long as a couple of 
fiducials can be seen in the frame of view, the procedure can 
be carried out, using the visible fiducials as reference points. 
In the case where the field of view is isolated from the fidu 
cials, harvesting locations from where follicular units have 
already been harvested or implantation sites into which fol 
licular units have already been implanted can be used to 
Supply additional reference points, to which future harvesting 
or implantation locations can be referenced. 

In one example of the embodiment of the invention, a 
method is provided that allows to define a region over which 
a tool is to be operated, for example, to harvestorimplanthair 
grafts. In one preferred embodiment, such method may be 
Substantially automated (which means that at least most of the 
steps could be performed automatically by the robotic system 
itself). It does not exclude that a user may intervene and 
participate, for example, by giving an alternative command 
through a user interface, or override the automated command. 
Generally, if a robotic system, similar to a system shown by 
example in FIG. 2 is used, an operator may initiate an auto 
matic procedure as follows. One of the fiducials that was 
previously identified may be arbitrarily chosen. The robotic 
arm with a camera operatively connected to it may move 
automatically to center the fiducial in the field of view of the 
camera. As long as spacing between the fiducials is less than 
half of the field of view, this will assure that at least two 
fiducials will be visible. The processor may then direct the 
robotic arm with the camera to chose the next closest fiducial 
that has not already been centered. In the same fashion, the 
robotic arm will continue to move automatically to the next 
fiducial to center the next fiducial until all fiducials have been 
identified. If the fiducials are located on the skin tensioner, 
then the robotic arm will be directed to move around the skin 
tensioner. Once all relevant fiducials are registered in the 
fiducial frame of reference, if desired, the boundary of the 
region defined by the fiducials may be automatically com 
puted by the processor, and furthermore Such boundary may 
be adjusted so that a tool (e.g., harvesting needle) may safely 
access follicular units inside the boundary. The start and the 
initial harvest position and direction may be computed auto 
matically by the automated system. To minimize any poten 
tial interference of saline and/or blood in the field of view, the 
processor may be programmed to start harvesting or implant 
ing from the edge of the boundary with the lowest height and 
close to the corner. The robotic arm is directed to automati 
cally move with the attached tool to harvest or implant hair 
grafts within the boundary. 

FIGS. 6(a)-6(f) demonstrate an embodiment according to 
another implementation of the invention which uses a defined 
virtual selection region. The tool may be moved automati 
cally within Such selection region as explained below based 
on desired criteria. Let us assume, for the purposes of this 
particular discussion, that the revised boundary 610 has 
dimensions, for example, in the region of 4 cm horizontally 
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and 3 cm vertically. Having established coordinates of the 
fiducials (such as fiducials 605 illustrated in FIG. 6a), as 
described in earlier examples, the tool is operated (for 
example, automatically or semi-automatically) to initiate the 
harvesting procedure from the bottom left hand corner of the 
revised bound area. For example, the tool may be operated to 
move to the location that is approximately at the intersection 
of row C-F and column 1-5, and aligned with the follicular 
unit 615. The processor at this time may also dictate that the 
tool be moved in the general direction of arrow 620, away 
from the location of fiducial C and towards fiducial F, in a 
horizontal direction substantially parallel to a horizontal side 
of the revised boundary 610. Based on the exact coordinates 
of the tool’s location with respect to the image frame of 
reference, the processor may compute virtual boundaries of a 
smaller virtual selection region 625 located just in front of the 
tool in the direction of travel 620. In this particular illustrated 
example, the virtual selection region 625 may comprise a 
quadrilateral. Such as a rectangle having, for example, dimen 
sions of 6-8 mm by 3.5-4.5 mm. Other dimensions of the 
selection region 625 are also contemplated within the scope 
of this application. Use of a smaller virtual selection region 
625 reduces the computation required to find a subsequent 
follicular unit to harvest by restricting the area of consider 
ation to an area just in front of the previous harvested folli 
cular unit 615 and along the direction of travel 620. The tool 
is operated to harvest the follicular unit 615 and the location 
of the harvested follicular unit 615 is visually identified, for 
example, by a circle 630, as seen in FIG. 6(a). After harvest 
ing the follicular unit 615 the harvesting tool is moved in the 
general direction of the arrow 620, and operated to harvest 
one or more follicular units located within the virtual selec 
tion region 625. As seen, there are several follicular units 
located within the region 625. However, the next selected 
follicular unit for harvesting may be not the follicular unit 
located within the shortest distance from the harvested folli 
cular unit 615 inside the region 625 (such as follicular unit 
640), but may instead be based on predetermined selection 
criteria, such as in this example where the tool is moved to the 
location of the follicular unit 635 that is the closest to the 
horizontal boundary 610. 

Examples of a few criteria that could be used in directing 
movement of the tool within the selection region (Such as 
region 625 of FIG. 6(a)) are described with reference to FIGS. 
7(a)-7(e) below, but it will be appreciated that many other 
criteria may be chosen or predetermined, and Such criteria 
may vary during the hair transplantation process. In FIGS. 
7(a) and 7(b), three follicular units have been identified 
within the selection region 625, follicular units 705, 710 and 
715. One particular selection criteria may be, for example, 
such that if follicular unit 705 is harvested, the system will be 
operated to harvest follicular unit 715, and leave 710 un 
harvested, effectively harvesting every other follicular unit. 
In an alternative, or an additional predetermined selection 
criteria, as illustrated in FIGS. 7(c) and 7(d), if follicular unit 
720 is harvested, the predetermined selection criteria may be 
to harvest every other follicular unit within the selection 
region except when the distance to the next available follicu 
lar unit exceeds certain predetermined distance. In the 
example of FIGS. 7(c) and 7(d), even though follicular unit 
725 is the next available follicular unit, it is harvested because 
it is located at a distance, for example greater than 1.9 mm 
away, from the already harvested follicular unit 720. As seen 
in FIG. 7(b), once the follicular unit 725 has been harvested, 
a new virtual selection region 625 is created next to the 
harvested follicular unit in the same direction of travel. Turn 
ing now to FIGS. 7(e) and 7(f), in this illustration, once 



US 8,911,453 B2 
27 

follicular unit 730 has been harvested, follicular unit 735 is 
left un-harvested, and although follicular unit 745 is the next 
available follicular unit in the horizontal direction, it too is left 
un-harvested. In this example, the predetermined selection 
criteria is set such that the next follicular unit available can be 
selected whether it be the next available closest in the hori 
Zontal or the vertical direction, provided that it is contained 
within the virtual selection region 625. Consequently, folli 
cular unit 750 is harvested, as indicated in FIG. 7(f). 

Returning now to the example we were discussing in FIG. 
6(b), it can be seen that the follicular unit 640 was too far in 
the vertical direction from the horizontal boundary 610, and it 
was therefore not a desirable follicular unit to harvest at this 
time. The system, as shown in FIG. 6(b) illustrates follicular 
unit 640 still on the patient’s body surface, and follicular unit 
635 being harvested. On reaching the fiducial F, as illustrated 
in FIG. 6(c), the image processor ascertains that the revised 
vertical boundary 610 has been reached, and provides the 
control signals necessary for the robotic arm to move in the 
direction of arrow 650, as shown in FIG. 6(d). If desired, the 
movement of the tool in the direction of arrow 650 will allow 
the harvesting tool to harvest the follicular unit 640 that was 
previously left un-harvested. In FIG. 6(e), it can be seen that 
the virtual selection region 625 is moved in the direction 650 
along the row F-C until all desired follicular units in that row 
are harvested. When no desired follicular units remain to be 
harvested within the desired “harvest quadrilateral' along the 
current row, the tool is operated to move in an upwardly 
direction 660 and towards the right, in the direction of arrow 
665, to harvest follicular units in the row B-E in a similar 
manner, as illustrated in FIG. 6(f). Since hair and fiducials are 
in the same frame, it can be computed to determine whether 
the current harvest row needs to be incremented: move to the 
new row when there are no remaining hairs in the current row 
within the “harvest quadrilateral formed by lines a specified 
distance away from the rows of fiducials. In the example of 
the robotic application, as the robot moves an automated 
harvesting (or implanting) tool along a current row and 
approaches a corner along the edge or boundary, the robotic 
system reverses direction and starts searching along a row 
spaced a configurable distance toward the opposite edge. 

It will be apparent that the number of steps that are utilized 
for such methods are not limited to those described above. 
Also, the methods do not require that all the described steps 
are present. Although the methodology described above as 
discrete steps, one or more steps may be added, combined or 
even deleted, without departing from the intended function 
ality of the embodiments of the invention. The steps can be 
performed in a different order or have the steps shared 
between more than one processor, for example. It will also be 
apparent that the method described above may be performed 
in a partially or Substantially automated fashion, including 
performed using robotic systems. 
As will be appreciated by those skilled in the art, the 

methods of the present invention may be embodied, at least in 
part, in Software and carried out in a computer system or other 
data processing system. Therefore, in Some exemplary 
embodiments hardware may be used in combination with 
Software instructions to implement the present invention. 
A machine-readable medium may be used to store Software 

and data which causes the system to perform methods of the 
present invention. The above-mentioned machine-readable 
medium may include any suitable medium capable of storing 
and transmitting information in a form accessible by process 
ing device, for example, a computer. Some examples of the 
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machine-readable medium include, but not limited to, mag 
netic disc storage, flash memory device, optical storage, ran 
dom access memory, etc. 

Certain procedures may require performing the same or 
similar operation on different areas or portions of the body 
Surface. For example, an area of the body Surface may be 
divided into several sections and a procedure performed on 
one or more sections at time, until the entire area has been 
covered. For example, during the hair transplantation proce 
dure, a skin tensioner may be positioned in a series of posi 
tions on the patient’s head, and the hair transplantation pro 
cedure performed in each of the series of positions. In the 
example of hair transplantation procedure, this series of posi 
tions may be configured to best Suit the hair transplantation 
case in question, but may for example take the form of a grid 
with two rows and eight columns (four positions on each side 
of the head), as illustrated in FIG. 11. The user may place a 
skin tensioner on the patient’s head, beginning at the left 
hand low corner, move the grid across the patient's head in a 
series of moves, for example, 8 moves as shown in the 
example of FIG. 11, until the right-hand lower corner is 
reached, and then move up to a second row on the patients 
head, but once again move from left to right, until all sixteen 
sections have been completed. The advantage of moving from 
left to right in this manner is that while follicular units are 
being harvested from grid 1115, the dissected follicular units 
can be removed from grid 1110, thereby increasing efficiency 
of the procedure. For user convenience to track which grids 
have had hair harvested from or implanted into them (or in 
other applications, grids or sections where certain procedure 
was performed), the monitor 240 can schematically display 
the regions to the user. 
To enable the system to track which grid location on the 

patient's head is having the procedure carried out on, the user 
may be required to provide some sort of action to enable the 
system to correlate the grid locations, in the present example, 
on the patient’s head to the grid locations on the computer 
monitor. One way in which the user can provide the identity of 
the grid location is by selecting the appropriate grid, for 
example 1110, on the display that corresponds to the location 
on the patient’s head. Such selection may be provided by 
clicking of a mouse button, touching the monitor, or by using 
the up-, down-, left- and right-arrow keys of a keyboard, for 
example, or in any number of ways known to those skilled in 
the art. By doing this, the system is able to associate the 
placing of the skin tensioner in a particular location with a 
designated grid on the display. When the user has selected a 
grid location on the display, the system may also increment a 
grid number indicator 1105 on the monitor. For example, 
when selecting grid 1110, the grid number indicator may 
indicate that grid 8 has been chosen. The system may then be 
operated to identify the location of each of the fiducials on the 
skin tensioner, and to select a location from where the next 
hair follicle is to be harvested from, or determine a location 
into which the next hair follicle is to be implanted. When the 
desired hair has been harvested from or implanted into the 
area bound by the skin tensioner, for example, using robotic 
hair transplantation system, the user may move the skin ten 
sioner to the next grid location, for example 1115, on the 
patient's head, (having first moved the robot to a safe location 
so the user can safely access the skin tensioner). Having done 
So, the user may once again identify to the system the new grid 
location 1115 on the display. The system will associate the 
positioning of the skin tensioner with grid 1115 on the dis 
play, and increments the grid number accordingly, in this case 
such that indicates grid 9 has been selected. 
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The use of grid numbers (in this case 8 and 9) can be used 
in a treatment report, and allow the physician to correlate 
dissection results to skin tensioner location on the patients 
Scalp. Knowing which parameters were used for any one grid 
location, the user can perhaps try and optimize the parameters 
used to provide for optimal harvesting results. In addition, 
this also allows the user to select certain parameters that may 
have been used to one particular grid, and apply them to 
another. For example, the user may set the system such that 
only every other hair that is visualized by the imaging system 
is harvested from grid location 8, and call that particular 
selection, harvest program 1. Rather than having to go 
through setting all the parameters again when the skin ten 
Sioner is moved to grid 9, the user may simply select the same 
harvesting program that was applied to grid 8, that is harvest 
program 1, and only every other hair that is visualized by the 
imaging system will be harvested from grid location 9. 
The various embodiments described above are provided by 

way of illustration only and should not be construed to limit 
the claimed invention. These embodiments are susceptible to 
various modifications and alternative forms, and it should be 
understood that the invention generally, as well as the specific 
embodiments described herein, cover all modifications, 
equivalents and alternatives falling within the scope of the 
appended claims. By way of non-limiting example, it will be 
appreciated by those skilled in the art that particular features 
or characteristics described in reference to one figure or 
embodiment may be combined as suitable with features or 
characteristics described in another figure or embodiment. 
Further, those skilled in the art will recognize that the devices, 
systems, and methods disclosed herein are not limited to one 
field, such as hair restoration, but may be applied to any 
number offields. The description, therefore, is not to be taken 
in a limiting sense, and the scope of the present invention is 
defined by the appended claims. 

It will be further appreciated by those skilled in the art that 
the invention is not limited to the use of a particular system, 
and that automated (including robotic), semi-automated, and 
manual systems and apparatus may be used for positioning 
and actuating the respective removal tools and other devices 
and components disclosed herein. Applicant regards the Sub 
ject matter of the invention to include all novel and nonobvi 
ous combinations and Subcombinations of the various ele 
ments, features, functions, and/or properties disclosed herein. 

What is claimed is: 
1. A method of directing movement of a tool to harvest or 

implant hair grafts, the method comprising: 
recording first locations of a plurality of fiducials appear 

ing in one or more images of a body Surface; 
updating and recording the updated locations of at least 

some of the plurality of the fiducials in an updated one or 
more images of the body Surface; 

determining an offset of the updated locations of the at least 
some of the plurality of the fiducials relative to their first 
locations; 

automatically selecting a new follicular unit harvesting or 
implanting site based at least in part on the determined 
offset and a location of a previous procedure site; and 

automatically instructing the tool to move to the selected 
new harvesting site or the selected new implanting site. 

2. The method of claim 1, further comprising determining 
a boundary of an area for harvesting or implanting follicular 
units based on the first location of the plurality of fiducials, 
and wherein selecting the new follicular unit harvesting or 
implanting site comprises selecting the new harvesting or 
implanting site within the boundary. 
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3. The method of claim 1, wherein selecting the new folli 

cular unit harvesting or implanting site takes into account 
portions of limited access of the tool. 

4. The method of claim 2, wherein determining the bound 
ary comprises adjusting the boundary to eliminate portions 
within the boundary of limited access of the tool. 

5. The method of claim 1, wherein the plurality of fiducials 
are located on a skin tensioning device, and selecting the new 
follicular unit harvesting or implanting site comprises taking 
into account at least one dimension of the skin tensioning 
device and/or at least one dimension of the tool. 

6. The method of claim 1, wherein the plurality of fiducials 
comprises any one or more of follicular unit, hair follicle, 
mole, scar, freckle, wrinkle, bump, depression, distinctive 
shape, eyeball, ear canal, or marking. 

7. The method of claim 1, further comprising identifying a 
direction of travel of the tool based on previous procedure 
sites and operating the tool to harvest selected follicular units 
or implant selected implanting sites by Substantially auto 
matically changing a direction of travel of the tool based on 
the locations of the fiducials. 

8. The method of claim 1, wherein the plurality of fiducials 
comprises a set of distinctive fiducials. 

9. The method of claim 1, further comprising identifying a 
selection region based on the locations of the plurality of 
fiducials, and harvesting or implanting one or more follicular 
units located within the selection region based on one or more 
criteria. 

10. The method of claim 1, wherein a first follicular unit 
harvesting or implantation site based on the locations of the 
plurality of fiducials is computed automatically to minimize 
interference from fluids on the body surface. 

11. The method of claim 1, wherein the selected new har 
vesting site or the selected new implanting site does not 
comprise a location of any previously harvested or implanted 
follicular units. 

12. The method of claim 1, wherein instructing the tool to 
move comprises automatically moving a robotic arm that 
carries the tool. 

13. The method of claim 2, further comprising selecting an 
initial follicular unit harvesting or implanting site in a bottom 
corner of the boundary. 

14. The method of claim 13, further instructing the tool to 
move in an upward direction within the boundary to incre 
ment to a next harvesting or implanting row. 

15. The method of claim 1, comprising generating an 
exclusion Zone around existing harvesting or implantation 
sites. 

16. The method of claim 2, further comprising revising the 
boundary by selecting a defined virtual selection region. 

17. The method of claim 15, wherein the exclusion Zone 
comprises any closed polygon-shaped feature. 

18. The method of claim 17, wherein the generated exclu 
sion Zone has a pre-determined size, and the size of the 
generated exclusion Zone may be adjusted by a user or auto 
matically generated. 

19. The method of claim 1, further comprising operating 
the tool to harvest a follicular unit from the selected new 
harvesting site or to implant a follicular unit into the selected 
new implanting site. 

20. The method of claim 15, further comprising creating a 
visual representation of the harvested or implanted follicular 
unit. 

21. The method of claim 15, further comprising recording 
a location of the harvested or implanted follicular unit. 

22. The method of claim 21, further comprising repeating 
steps of updating, determining the offset, selecting, instruct 
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ing, operating and recording until all desired follicular units 
are harvesting from or implanted into. 

23. A method of directing movement of a tool to perform a 
medical procedure, the method comprising: 

recording first locations of a plurality of fiducials appear 
ing in one or more images: 

updating and recording the updated locations of at least 
some of the plurality of the fiducials in an updated one or 
more images; 

determining an offset of the updated locations of the at least 
some of the plurality of the fiducials relative to their first 
locations; 

automatically selecting a site on which to perform the 
medical procedure based at least in part on the deter 
mined offset; and 

instructing the tool to move to the selected medical proce 
dure site taking into account an exclusion Zone and/or a 
reserved region. 

24. A method of controlling a direction of travel of a tool 
relative to a body Surface during a follicular unit transplanta 
tion procedure, the method comprising: 

processing one or more images of a body Surface to deter 
mine locations of a plurality of distinctive fiducials 
appearing in the one or more images; 

operating a tool to harvest or implant a first follicular unit 
at a first location; 

identifying a direction of travel of the tool relative to a body 
Surface based on the first location, previous harvesting 
or implanting location and on the locations of at least 
some of the plurality of the distinctive fiducials; 

causing the tool to travel in the identified direction of 
travel; and 

operating the tool to harvest or implant a second follicular 
unit at a second location on the body Surface in the 
direction of travel. 
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25. The method of claim 24, further comprising changing 

the direction of travel when another distinctive fiducial is 
within a predetermined distance from the tool. 

26. The method of claim 25, wherein the changed direction 
of travel is Substantially opposite or Substantially orthogonal 
to the direction of travel. 

27. The method of claim 24, further comprising operating 
the tool to harvest selected follicular units or implant at 
selected locations by Substantially automatically increment 
ing to a next harvesting or implanting row based on the 
locations of the distinctive fiducials. 

28. The method of claim 24, wherein the tool is a hair 
harvesting or a hair implantation tool, the operation of the tool 
being computer controlled. 

29. The method of claim 24, further comprising determin 
ing updated locations of the distinctive fiducials, determining 
an offset between the updated locations and the locations of 
the fiducials, updating the first harvest? implant location 
information based on the offset, and causing the tool to travel 
in an updated direction based at least in part on the updated 
first harvest/implant location information. 

30. The method of claim 24, wherein the plurality of the 
fiducials is disposed on a skin tensioning device. 

31. The method of claim 24, wherein the plurality of the 
fiducials is disposed on a skin tensioning device, the method 
further comprising determining a boundary taking into con 
sideration parameters of the skin tensioning device. 

32. The method of claim 24, wherein causing the tool to 
travel comprises automatically moving a robotic arm that 
carries the tool. 

33. The method of claim 24, wherein the second location is 
based on at least one selection criteria. 

34. The method of claim 33, wherein the at least one 
selection criteria comprises selecting the second location to 
be a location that is closest to the location of the first location, 
and in the direction of travel. 
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